Metal Bioaccumulation and its Mechanisms in Oysters of Jiulong River Estuary Impacted by Wastewater Discharge by 周炜韬
 
 
学校编码：10384                               分类号      密级        





硕 士 学  位  论  文 
                                           
九龙江河口受排污影响水域牡蛎重金属 
累积及其机制 
Metal Bioaccumulation and its Mechanisms in Oysters of 





专 业 名 称 ： 海洋生物学
论文提交日期： 2016 年 06 月


























另外，该学位论文为（                            ）课题（组）
的研究成果，获得（               ）课题（组）经费或实验室的








































（     ）1.经厦门大学保密委员会审查核定的保密学位论文，
于   年  月  日解密，解密后适用上述授权。 







                             声明人（签名）： 



















目  录 
摘要 ............................................................................................................. I 
ABSTRACT .............................................................................................. III 
第一章 绪论............................................................................................... 1 
1.1 我国河口及近海环境中重金属污染概况 .......................................................... 2 
1.1.1 我国河口及近海海域重金属的来源............................................................ 2 
1.1.2 我国河口及近海海域重金属污染状况....................................................... 3 
1.1.3 我国河口及近海环境中双壳类动物受金属污染概况................................ 5 
1.2 河口及近海环境中金属的颗粒分布 .................................................................. 7 
1.2.1 水体中金属的形态和分析方法.................................................................... 7 
1.2.2 金属的颗粒分配及其控制因素.................................................................. 11 
1.3 金属的生物累积和亚细胞分布 ........................................................................ 13 
1.3.1 金属的生物累积.......................................................................................... 13 
1.3.2 金属的亚细胞分布...................................................................................... 16 
1.4 研究内容和研究目的 ........................................................................................ 17 
1.4.1 研究区域概况和研究背景.......................................................................... 17 
1.4.2 研究内容...................................................................................................... 19 
1.4.3 研究的目的和意义...................................................................................... 19 
第二章  重金属在各环境介质中的浓度及颗粒分配行为 .................. 21 
2.1 引言 ................................................................................................................... 21 
2.2 材料和方法 ....................................................................................................... 22 
2.2.1 采样地点...................................................................................................... 22 
2.2.2 水样的采集和处理...................................................................................... 22 
2.2.3 微量金属的浓度分析.................................................................................. 23 
2.2.4 主要试剂和仪器.......................................................................................... 24 
2.2.5 数据统计分析.............................................................................................. 24 
















2.3.1 基本理化参数.............................................................................................. 24 
2.3.2 溶解态金属的站位分布及时序变化............................ 错误!未定义书签。 
2.3.3 DGT 测定值的站位分布及时序变化 ........................................................ 29 
2.3.4 颗粒态金属的站位分布和时序变化.......................................................... 31 
2.3.5 各站位金属的颗粒分配行为...................................................................... 39 
2.4 结论 ................................................................................................................... 45 
第三章  重金属在牡蛎体内的生物累积及亚细胞分布 ...................... 46 
3.1 引言 ................................................................................................................... 46 
3.2 材料和方法 ....................................................................................................... 46 
3.2.1 牡蛎样品的采集.......................................................................................... 46 
3.2.2 条件指数 CI 值的测定................................................................................ 47 
3.2.3 牡蛎样品的制备.......................................................................................... 47 
3.2.4 微量金属的亚细胞分布.............................................................................. 47 
3.2.5 牡蛎软组织及亚细胞组分中金属含量的测定.......................................... 48 
3.2.6 主要仪器和试剂.......................................................................................... 48 
3.2.7 统计分析...................................................................................................... 49 
3.3 结果和讨论 ....................................................................................................... 49 
3.3.1 牡蛎生理参数的时序变化.......................................................................... 49 
3.3.2 各站位牡蛎累积金属的时序变化.............................................................. 52 
3.3.3 牡蛎体内金属和环境中金属的相关性...................................................... 55 
3.3.4 牡蛎体内金属的亚细胞分布...................................................................... 57 
3.4 结论 ................................................................................................................... 62 
第四章 总结与展望 ................................................................................ 63 
4.1 总结 ................................................................................................................... 63 
4.1.1 河口金属浓度的时序变化及其分配行为................................................. 63 
4.1.2 牡蛎对各金属的累积模式及时序变化和空间差异................................. 63 
4.1.3 各金属的亚细胞分布模式其时序变化..................................................... 64 
4.2 创新点 ................................................................................................................ 64 
4.3 展望 .................................................................................................................... 64 
















附录 ........................................................................................................... 80 
附图 1 研究水域金属的总溶解态浓度和 DGT 测定值的相关性 ....................... 80 
附图 2 各站位金属颗粒分配系数和 PH 的相关性 ............................................... 81 
附图 3 各站位金属颗粒分配系数和 TSS 浓度的相关性 ..................................... 82 
附图 4 各站位牡蛎组织变色示意图 ..................................................................... 83 
附表 1 各站位溶解态和悬浮颗粒态金属间的相关性分析 ................................. 84 
附表 2 牡蛎体内金属间的相关性分析 ................................................................. 87 



















CHINESE ABSTRACT .............................................................................. I 
ENGLISH ABSTRACT ............................................................................ III 
CHAPTER 1 INTRODUCTION ................................................................ 1 
1.1 METAL POLLUTION IN ESTUARINE AND COASTAL WATERS OF CHINA ...................... 2 
1.1.1 Sources of metal pollutants ............................................................................ 2 
1.1.2 Current status of metal pollution .................................................................... 3 
1.1.3 Metal contamination in estuarine and coastal bivalve molluscs .................... 5 
1.2 PARTICLE DISTRIBUTION OF METALS IN ESTUARINE AND COASTAL WATERS ............ 7 
1.2.1 Metal speciation in waters and techniques for speciation analysis ................ 7 
1.2.2 Particle distribution of metals and its related factors ................................... 11 
1.3 METAL BIOACCUMULATION AND SUBCELLULAR DISTRIBUTION ........................... 13 
1.3.1 Metal bioaccumulation ................................................................................. 13 
1.3.2 Metal subcellular distribution ...................................................................... 16 
1.4 RESEARCH FRAMEWORK AND OBJECTIVES ........................................................... 17 
1.4.1 Introduction of the studied area and research background .......................... 17 
1.4.2 Research framework .................................................................................... 19 
1.4.3 Research objectives and significance ........................................................... 19 
CHAPTER 2 METAL CONCENTRATION IN ENVIRONMENTAL 
MEDIA AND PARTICLE DISTRIBUTION ........................................... 21 
2.1  INTRODUCTION .................................................................................................. 21 
2.2  MATERIAL AND METHODS .................................................................................. 22 
2.2.1 Study sites .................................................................................................... 22 
2.2.2 Collection and pretreatment of water samples ............................................. 22 
2.2.3 Metal analysis .............................................................................................. 23 
2.2.4 Equipment and reagents ............................................................................... 24 
2.2.5 Statistical analysis ........................................................................................ 24 
















2.3.1 Physicochemical parameters ........................................................................ 24 
2.3.2 Spatial and temporal variation of dissolved metal ......... 错误!未定义书签。 
2.3.3 Spatial and temporal variation of DGT measured metal concentration ....... 29 
2.3.4 Spatial and temporal variation of particulate metal ..................................... 31 
2.3.5 Particle distribution of metals at different sites ........................................... 39 
2.4 CONCLUSION ....................................................................................................... 45 
CHAPTER 3 METAL BIOACCUMULATION IN OYSTERS AND 
SUBCELLULAR DISTRIBUTION ......................................................... 46 
3.1 INTRODUCTION .................................................................................................... 46 
3.2 MATERIAL AND METHODS .................................................................................... 46 
3.2.1 Collection of oyster samples ........................................................................ 46 
3.2.2 Measurement of condition index ................................................................. 47 
3.2.3 Preparation of oyster samples ...................................................................... 47 
3.2.4 Subcellular distribution of metals ................................................................ 47 
3.2.5 Metal analysis of oyster tissues and subcellular fractions ........................... 48 
3.2.6 Equipment and reagents ............................................................................... 48 
3.2.7 Statistical analysis ........................................................................................ 49 
3.3  RESULTS AND DISCUSSION ................................................................................. 49 
3.3.1 Time course of physiological parameters of oysters .................................... 49 
3.3.2 Time course of metal bioaccumulation in oysters........................................ 52 
3.3.3 Correlation between metal concentrations in oysters and the environment 
media ..................................................................................................................... 55 
3.3.4 Subcellular distribution of metals in oysters ................................................ 57 
3.4  CONCLUSIONS ................................................................................................... 62 
CHAPTER 4 SUMMARY AND PERSPECTIVES ................................. 63 
4.1 SUMMARY ............................................................................................................ 63 
4.1.1 Temporal variation of dissolved metal concentrations and the particle 
















4.1.2 Patterns of metal bioaccumulation in oysters and its temporal and spatial 
variation ................................................................................................................ 63 
4.1.3 Time course of metal subcellular distribution .............................................. 64 
4.2 INNOVALTY OF THE STUDY ................................................................................... 64 
4.3 PERSPECTIVES ..................................................................................................... 64 
REFERENCES ......................................................................................... 66 
APPENDIX ............................................................................................... 80 
FIGURE S1 CORRELATION BETWEEN CONCENTRATIONS OF DISSOLVED METAL AND 
DGT MEASURED METAL ............................................................................................ 80 
FIGURE S2 CORRELATION BETWEEN KD AND PH ........................................................ 81 
FIGURE S 3 CORRELATION BETWEEN KD AND TOTAL SUSPENDED SOLIDS .................. 82 
FIGURE S4 COLOR CHANGE OF THE OYSTERS ............................................................ 83 
TABLE S1 CORRELATION BETWEEN CONCENTRATIONS OF DISSOLVED METAL AND 
PARTICULATE METAL .................................................................................................. 84 
TABLE S2 CORREKATION BETWEEN METALS IN OYSTER TISSUES ............................... 87 

























域主要的重金属污染物。溶解态浓度平均值分别为 9.39 μg Cr/L，34.1 μg Ni/L, 
8.87 μg Cu/L, 8.52 μg Zn/L，颗粒态浓度平均值分别 258 μg Cr/g，98 μg Ni/g，138 
μg Cu/g，247 μg Zn/g。对比美国环境保护署制定的咸水水质基准，Cu 浓度超过
了 4.8 μg/L 的急性毒性基准，Ni 超过了 8.2 μg/L 的慢性毒性基准。DGT 技术测
定的 Co、Ni、Cu、Pb、Zn、Cd 浓度与直接测定的溶解态浓度相当，Fe、Cr 的
浓度则显著低于直接测定值。溶解态 Cr、Ni、Zn 的空间分布和时序变化与 Cu
不同，推测 Cu 除来自污水排放外，还有其他重要来源。Cu 和 Fe 的浓度存在显
著的站位差异，其他金属的站位差异不显著。各金属的颗粒分配系数（Kd）通常
在两个数量级内波动，由高到低依次为 Pb、Fe > Cr、Zn、Cu、Co > Ni、Cd，与
各金属的颗粒活性顺序基本相符。盐度和 pH 对 Kd 的影响有限，仅发现 Fe 和 Cr
的 Kd 随盐度的升高而降低，Zn 和 Pb 的 Kd 随 pH 的升高而升高。未发现颗粒浓
度对 Kd 值的显著影响。 
Cu 和 Zn 在牡蛎体内快速、持续地累积，最高浓度分别达到 10480 μg/g 和
6375 μg/g，远高于初始时的 1221 μg/g 和 3276 μg/g。Cr 和 Co 在暴露初期有较快
累积，分别达到 21.5 μg/g 和 1.7 μg/g 后趋于稳定。Ni 的浓度随环境中溶解态 Ni
的变化而涨落，平均浓度为 34 μg/g。Pb、Cd、Fe 则没有明显的生物累积。结果
表明，牡蛎对河口环境中的 Cu、Zn、Cr 和 Co 具有良好的生物监测作用，且能
够反映水体中生物可利用态 Ni 的即时变化。牡蛎体内的 Cr 和 Ni 之间，Cu、Cr、
Co、Zn 相互之间，Pb 和 Cd 之间存在正相关性，可能是由于这些金属具有相同
的污染源或在生物累积上相互促进。亚细胞分布的测定结果表明，细胞碎屑和富

















Cu 在生物解毒组分中的含量升高，表明牡蛎可以有效地将所累积的 Cu 解毒。
Ni 在金属敏感组分中的含量逐步升高，提示 Ni 的持续暴露可能会导致毒性效应。


























Metal pollution is commonly found in estuarine waters, leading to the 
deterioration of biological resources and adversely affecting the service of estuarine 
ecosystems. In this study, we transplanted an estuarine oyster, Crassostrea 
hongkongensis, to three sites in the Jiulong River Estuary, which were impacted by 
wastewater discharge. In the 48 d experiment, the bioaccumulation and subcellular 
distribution of metals were periodically monitored. Simultaneously, concentrations of 
the dissolved and particulate metals were also measured, and the partitioning 
coefficient of the metals were calculated. The diffusive gradient in thin films (DGT) 
technique was used to measure the concentrations of labile metals, which were 
compared to the directly measured dissolved concentrations. 
By measuring the dissolved and particulate metal concentrations (Cr, Fe, Co, Ni, 
Cu, Zn, Cd, Pb), it was found that Cr, Ni, Cu and Zn were the major metal pollutants 
in the studied area. The average dissolved concentrations were 9.39 μg Cr/L, 34.1 μg 
Ni/L, 8.87 μg Cu/L, and 8.52 μg Zn/L; the average particulate concentrations were 
258 μg Cr/g, 98 μg Ni/g, 138 μg Cu/g, and 247 μg Zn/g. According to the saltwater 
quality criteria established by the United States Environmental Protection Agency, Cu 
concentrations exceeded the acute value of 4.8 μg/L and Ni concentrations exceeded 
the chronic value of 8.2 μg/L. The concentrations measured using the DGT technique 
were similar to the directly measured dissolved concentrations for Co, Ni, Cu, Zn, Cd, 
and Pb, whereas DGT measured Fe and Cr were significantly lower than the directly 
measured concentrations. The temporal and spatial variations of Cr, Ni and Zn were 
different from that of Cu, possible due to other sources of Cu besides the major 
wastewater point source. Cu and Fe showed significant inter-site differences, while 
the other metals were similar among sites. The variation of the particle partitioning 
coefficient (Kd) was within two orders of magnitude; and Kd was in the order of Pb, 
Fe > Cr, Zn, Cu, Co > Ni, Cd, consistent with their particle reactivity. Salinity and pH 
















Kds of Zn and Pb increased with pH. No significant effects on Kd were found for 
particle load. 
Cu and Zn were accumulated into oyster tissue rapidly and steadily during the 
exposure period, reaching 10480 μg/g and 6375 μg/g, respectivey, which were 
substantially higher than the initial concentrations of 1221 μg/g and 3276 μg/g, 
respectively. Rapid bioaccumulation was also observed for Cr and Co during the 
initial period, and their concentrations leveled off after reaching 21.5 μg/g and 1.7 
μg/g, respectively. Ni concentrations in the oysters varied with the fluctuations of 
dissolved metal concentrations in the environment, with an average concentration of 
34 μg/g. There were no significant bioaccumulation of Pb, Cd and Fe. These results 
indicates that the oyster are suitable biomonitors of Cu, Zn, Cr and Co in estuarine 
environment, and can reflect the instant bioavailability of Ni. Significant positive 
correlations between tissue concentrations of Cr and Ni, between Cu, Cr, Co and Zn, 
and between Pb and Cd were observed, indicating either the common source of these 
metal pollutants or the mutual facilitating effects between them. The subcellular 
distribution results showed that cellular debris and metal rich granules were the major 
metal binding sites. Besides, metallothionein like proteins also played an important 
role in binding Co, Ni and Cu. The contribution of heat sensitive protein was 
negligible. Cu concentration distributed into the biologically detoxified fraction 
increased with time, indicating that oysters could effectively detoxify the excessively 
accumulated Cu. Ni concentration in the metal sensitive fraction increased with time, 
implying the possible toxicity caused by lasting Ni exposure. The subcellular 
distribution of Cr and Zn were relatively stable over time. 
In conclusion, metal concentrations in different environmental media were 
measured over time, which confirmed the relationship between metal concentration 
and wastewater discharge. It was demonstrated that in the real polluted estuarine 
waters, oysters could rapidly accumulate metals (especially Cu and Zn) and reached 
very high concentrations. Subcellular detoxification processes were observed for only 
a few metals (e.g., Cu). The results of this study can provide valuable dataset for 
















the establishment of estuarine water criteria, shellfish aquaculture and protection of 
other biological resources. 




































并能促进氮、磷等营养盐的再生（Prins et al., 1997；Turner and Millward, 2002；
Newell, 2004）；此外，双壳类动物对沉积物的扰动会改变其物理化学环境，促进
沉积物中颗粒的再悬浮和污染物的活化及释放，使之再次进入水体环境




用作重金属污染的监测生物（Rainbow, 1995；Rainbow et al., 2000；Silva et al., 2001；
Rainbow, 2006；Zhou et al., 2008）。美国于上个世纪 70 年代中后期开展的贻贝监
测计划（Mussel Watch Program）（Farrington et al., 1983），在 80 年代启动的国家
现状及趋势计划（National Status and Trends，NS&T）（O'Connor, 1996；O'Connor 

















et al., 1995；Jernelov, 1996）。 
重金属通常通过对生物关键酶的破坏，对营养元素的竞争以及扰乱代谢路径

















（Kennish, 1996；Luoma and Rainbow, 2008）。不同的金属因其物理化学性质的
差异，进入海洋系统的方式有所差异。大气沉降是 Hg、Pb 进入海洋环境的主要
途径，而 Cd 等其他金属则主要通过河流输送进入海洋环境（Yeats and Bewers, 
1987；Sigel et al., 2005）。 
从全球格局看，人类活动使得与自然来源相当甚至更多的金属参与到地球化
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